The mechanisms underlying life machinery are still not completely understood. Something is known, something is "probably" known, other things are still unknown. Scientists all over the world are working very hard to clarify the processes regulating the cell life cycle and bioinformaticians try to support them by developing specialized automated tools. Within the plethora of applications devoted to the study of life mechanisms, tools for the analysis and comparison of biological networks are catching the attention of many researchers. It is interesting to investigate why. 
Introduction
The knowledge about life machinery is very poor in comparison to the complexity of biological processes regulating it. Many efforts have been done to better understand life mechanisms, grasp the key concepts about the processes of birth, growth and death, and fill the incompleteness of the knowledge about the basic life elements. However, the gap between the actual knowledge and the complexity of real biological mechanisms is still enormous. In this context, techniques, methods and applications for knowledge discovery in bioinformatics are revealing themselves useful in helping to fill this gap. In particular, while some organisms (e.g., the yeast) are quite well known, for other living organisms a lot is still missing. In this context, the analysis of biological networks has gained a prominent position thus attracting the attention of many researchers [22] . Biological networks store information about molecular interactions regulating the cell life cycle from different perspectives. For instance, a protein-protein interaction (PPI) network [1, 9] stores information about the interactome of a given organism, that is, the whole set of its protein-protein interactions. Metabolic pathways, instead, represent the set of biochemical reactions enabling the growth and maintenance of the cell [2] . However, all the existing kinds of biological networks are not independent from one another inside the cell. Indeed, taken all together they form a network of networks determining the cell's overall behaviour. For these reasons, in the last few years, the analysis of biological networks has become a very relevant bioinformatics research task. Researchers, by leveraging the analysis and comparison of biological networks, try to provide the necessary knowledge for answering many unresolved questions. Indeed, cell behaviour and functions can be deeply understood through the investigation of the complex interactions among cell constituents, rather than a mere analysis of its individual building blocks (e.g., proteins, genes). Moreover, the comparison of biological networks of different organisms allows to transfer biological knowledge from one well characterized species to a not well characterized one. Nowadays, there are plenty of available data sources about molecular interactions involving a very large amount of biological entities (e.g., genes, enzymes and other proteins). For instance, as for PPI networks, the Database of Interaction Proteins (DIP)
1 [20] stores 22 976 interactions between 7 544 proteins of the Drosophila melanogaster (fruit fly), and 23 860 interactions between 5 051 proteins of the Saccharomyces cerevisiae (baker's yeast). Another data source, the Molecular INTeraction (MINT) 2 database [6] , stores in total 91 679 interactions among 32 962 proteins. The knowledge stored in these datasets is a good starting point for pursuing new and interesting discoveries about the molecular mechanisms of biological systems. However, the analysis of available data involves a number of mathematical and statistical problems. This is especially true for protein-protein interaction datasets, which are highly incomplete and contain a high percentage of both false positives and false negatives. Hence, to properly look up the large amount of available data and mine useful information, the design and development of fast and accurate automatic tools has become crucial. In this respect, the goal of this article is to investigate trends, capabilities and challenges of this research field, with particular emphasis on the analysis and comparison of PPI networks. The remainder of this paper is organized as follows. Section 2 discusses the problems of analyzing and comparing biological networks. In particular, Section 2.1 discusses the problem of aligning biological networks, Section 2.2 analyses the network integration problem and Section 2.3 discusses the problem of querying biological networks. Moreover, in Section 2.4 challenges and open issues in these research fields are illustrated. Finally, in Section 3 some conclusions are drawn.
Biological networks: analysis and comparison
In the last few years, biological data banks were populated with a very large amount of data produced by research in Systems Biology. These data convey information about single cellular entities, such as proteins and genes, which can be seen as the cell building blocks, as well as the interactions among them. Starting from these interaction data, complex bioinformatics structures can be built as shown in Figure 1 . For instance, interactions among proteins are exploited to build protein-protein interaction (PPI) networks, whereas biochemical reactions involving enzymes and metabolites are used to build metabolic networks. These complex structures are referred to as biological networks and can be conveniently represented as graphs in which groups of connected nodes (corresponding to biological entities) collaborate to form relatively isolated sub-graphs (corresponding to biological functional units). It is important to note that different kinds of biological networks are not independent from one another. Indeed, for example, the enzymes of an organism are a subset of its proteins. However, each kind of biological network differs from the others in the type and granularity of the information it stores. For instance, PPI networks store information about the fact that two proteins bind, whereas metabolic networks store information about the dependences of the metabolic reactions catalysed by the enzymes (i.e., an edge from the enzyme A to the enzyme B means that A catalyses a reaction that produces some metabolite required as reactant by the reaction catalysed by B). Biological networks are universally recognized as the formal model for encoding molecular interactions among cell building blocks and are motivated by the observation that biological entities (e.g., proteins, genes) can be better characterized by analysing their interaction patterns. According to this line of thought, biological networks can be fed as input to specific techniques that will try to infer new information about the cellular activity and evolutionary processes of the species by looking at groups of biological entities and at their interrelations. This way, some new piece of information can be discovered both for cell building blocks (e.g., the unknown function of a protein) and biological sub-networks (e.g., a protein functional module performing a well known molecular function in a not well characterized organism). The inferred pieces of information can be used to enrich the current knowledge in both uncharacterised biological entities and biological processes in not well characterized organisms. Indeed, by analysing a biological network of a given organism it is possible to identify relevant (network querying [8] ) or recurrent (motif search [5] ) substructures denoting some relevant functional modules (e.g., as for PPI networks, a set of proteins that by interacting with each other perform a relevant biological function). Moreover, the transfer of knowledge from one species to another is also possible by comparing their biological networks for identifying similar regions (e.g., similar sets of interacting proteins in PPI networks) in the two input networks (network alignment [2, 9] ). Finally, by integrating information stored in different types of biological networks, it is possible to identify interaction modules supported by multiple interaction types (e.g., set of proteins that interact in a PPI network and work as enzyme in the same metabolic reaction) (network integration [16, 27] ). In general, the aim of biological network analysis and comparison is to identify relevant or related modules (i.e., set of biological entities) carrying specific information. For instance, as for protein-protein interaction (PPI) networks the aim is to identify protein functional modules, that are set of proteins together performing a relevant biological function. In more detail, by analyzing the biological network of a given organism a relevant task is network motif search [5, 19] . Network motifs are patterns (i.e., sub-graphs) recurring within a biological network more frequently than expected. Motifs can be seen as the simplest component units of the biological network. As for biological network comparison, there are several ways to accomplish this task, but network alignment, network integration and network querying, may be regarded as the most significant ones [22] (see Figure 2 for a summary). In the following, the different types of network comparison are discussed in detail.
Network alignment
Network alignment [2, 3, 9, 15, 24] is the process of globally comparing two or more networks of the same type belonging to different species in order to identify similarity and dissimilarity regions. Network alignment is commonly applied for detecting conserved sub-networks, which are likely to represent common functional modules. The word "conserved" means that the two (or more) identified sub-networks contain similar entities and have similar interaction profiles. As can be seen in the left panel of Figure 3 , the input of a network alignment algorithm is two (or possibly more) biological networks of different organisms and the output is pairs (or possibly sets) of sub-graphs (or, possibly, simpler structures such as paths), one for each input network, that have been recognized to be similar. For instance, the identification of conserved linear paths may lead to the discovery of signalling pathways, as well as conserved clusters of interactions (sub-graphs) may correspond to protein complexes. As for PPI network alignment, two types of alignment have been defined: Local Network Alignment (LNA) [9, 15] and Global Network Alignment (GNA) [24] . The first type aims at discovering similar sub-networks between two (or possibly more) networks and does not require that the discovered similar sub-networks cover all the nodes in the input networks. In contrast, GNA requires that all the nodes of the input networks have to be involved in the alignment. Thus, GNA aims at finding a single consistent mapping while LNA aims at identifying several smaller mappings. Therefore, by solving the GNA problem some partial suboptimal mappings can be discarded since the goal is to find an optimal global alignment. Alignment of protein-protein interaction networks went through three main generations. In the first generation, the pairwise alignment, conserved pathways/complexes between two species have been identified (e.g., PathBlast [15] ). The second generation focused on multiple alignment, for which tools such as NetworkBlast [21] , aiming at aligning multiple networks, have been proposed. Tools belonging to the two first generations face LNA, since they search for conserved regions by starting from small local regions and then greedily expand them. The third and last generation of alignment tools regards the GNA problem and has produced several methods, such as IsoRank [23] . In general, PPI network alignment algorithms may be classified along two directions:
1. local versus global alignment; 2. pairwise versus multiple networks alignment. Table 1 reports a summary of some methods developed for aligning PPI networks. Besides, a comparison of such methods with respect to the above mentioned direction is presented and it fosters out some observations. The first observation is that to date LNA has received more attention in the literature than GNA. Moreover, GNA techniques are more recent than the LNA ones, suggesting that the GNA problem has became relevant only in the last few years. As for pairwise vs. multiple network alignment techniques, both problems have received great attention in the literature. However, the pairwise alignment, that is the most simple one, was the first to be investigated. Then, in the last few years, with techniques becoming more efficient, the multiple network alignment problem has been receiving an increasing attention. [11] x x Graemlin 2.0 [12] x x Bandyopadhyay [3] x x MaWISh [17] x x Ali & Deane [1] x x Domain [13] x x IsoRank [24] x x SUB-Grappin [9] x x Zaslavskiy et al. [26] x x ABiNet [7] x x
Network Integration
Network integration [16, 27] is the process of combining several networks of the same species, representing different kinds of interactions (e.g., protein, metabolic), to study their interrelations. Since each type of network gives an insight into a different piece of biological information, a more informative picture of the biological system under consideration can be obtained by integrating them. The integrated network is obtained by merging the input networks in a unique network containing multiple types of interactions. Since the integrated network is built over the set of entities belonging to the various input networks, it is important to underline that the networks to be integrated are usually defined over the same set of elements (e.g., the set of proteins of a certain species). As shown in the middle panel of Figure 3 , the input of a network integration algorithm consists of two (or, possibly, more) biological networks defined over the same set of elements (corresponding to graph nodes) that store different types of information (painted in green for the first input network and in red for the second one). The output is a new network, defined over the same set of elements, that integrates all the types of input interactions. In particular, in the figure, interactions belonging to only one of the input networks are reported with the same color used in the corresponding network (green or red), while interactions stored in both networks are painted in black. The basic problem is to identify, in the merged network, functional modules that are supported by interactions of multiple types (for instance, the graph induced by the nodes { 1 2 4 5 6 } in the middle panel of Figure 3 ). Other interesting problems are related to the prediction of protein function and interactions.
Network querying
Network querying techniques [4, 10, 25] search a whole biological network with the aim of identifying conserved occurrences of a given query module, which can be used for transferring biological knowledge from one species to another (or, possibly, within the same species). Indeed, since the query generally encodes a well-characterized functional module (e.g., the yeast MAPK cascade), its occurrences in the queried network (e.g., the MAPK cascade in the human) suggest that the latter (and then the corresponding organism) features the function encoded by the former. As shown in the right panel of Figure 3 , the input of a network querying algorithm is a whole biological network (painted in blue) and a query module (coloured in violet) of the same type (for instance, both reporting protein-protein interaction information). The output consists of all the (possibly approximated) occurrences of the query module into the target network.
In the last few years several biological network querying algorithms have been proposed and all these algorithms differ from one another in several aspects, such as the adopted network model, the exploited biological information or the type of query they are able to handle (see [8] for a survey). The algorithms that have been proposed at the beginning, were able to deal with query shaped as simple structure (i.e., path-shaped or tree queries). Only after sometime, algorithms able to manage queries shaped as general graphs were introduced. As for PPI networks, a recent work [4] has defined an interesting interpretation of the querying problem, called topology-free, in which only the proteins belonging to the query module are known and no information about the interactions among them is considered. 
Challenges and open issues
It is worth to point out that, often, the above mentioned problems are concerned in searching for "similar" and not only "identical" modules. Indeed, modules belonging to different organisms or network types, often allow to identify approximated rather than exact correspondences. Approximation handling is needed for dealing with possible occurrences of evolution events modifying the biological network structure and also allows to suitably take into account the significant number of both false negative and false positive interaction data stored in the existing databases. Hence, different types of approximations should be taken into account as illustrated in Figure 4 (e.g., (a) node insertions, corresponding to the addition of nodes in one of the input networks; (b) node mismatches, corresponding to pairs of nodes characterized by a low similarity, but sharing similar biological characteristics -e.g., proteins performing the same function; (c) edge insertions, corresponding to the addition of interactions in one of the input networks). To discuss the potentialities and the challenges of network alignment tools, consider the DAB functional module of the human [18] that is a protein complex involved in transcription initiation. It is composed of 16 proteins, 15 of which are transcription initiation factors and 1 is a TATA-box binding protein. DAB is a typical benchmark module in functional complex detection methods. In this respect, the approach recently proposed by Ali and Dean [1] has been shown to outperform other tools such as NetworkBlast [21] and MaWISh [17] in terms of ability to correctly identify the proteins belonging to this complex in the human network. The reasons can be searched in the fact that this tool is the first tool that combines sequence similarity information with functional information about proteins. Thus, by looking at these results, it can be inferred that the exploitation of a rich variety of the available biological knowledge is good way for improving the quality of the results that can be obtained by network alignment frameworks. As for network querying techniques, a similar observation can be done by analysing the results of the comparison of the network querying algorithms, in term of biological results, that have been carried out in a recent work [8] . Tools that also take into account information related to interaction reliabilities or that are able to single out approximated rather than exact occurrences of the query module, are able to obtain more biologically significant results. In this respect, it is sensible to look at the very different results obtainable by running GraphMatch [25] using the yeast actinrelated-proteins module of the yeast to query the human PPI network and fixing different bounds on the number of node insertions in the results. The actin is well conserved among eukaryotes since it is a main component of the cytoskeleton. In yeast, it binds several proteins that regulate its polymerization/depolymerization and the module is composed by the central actin (ACT1) and 7 interacting proteins. By imposing a bound of one and two node insertions, GraphMatch is able to match only 4 out of 8 query proteins. On the contrary, by allowing three node insertions it is able to match all the query proteins, and it correctly matches 7 out of 8 proteins.
As a general trend, most of the proposed tools do not yet exploit the entire set of the available biological knowledge (e.g., functional annotations, interaction reliability coefficients or protein structural information) that might improve the quality of the results. Besides, most tools do not take into account all possible biological diversities (e.g., approximations in resulting sub-graphs) that might allow to cope with the problem of correctly taking into account the evolution events modifying the structure of biological networks. Finally, a very relevant problem when dealing with biological datasets, expecially with PPI datasets, is that they are incomplete and subject to high error rates (both false positive and false negative). Despite those issues and the considerable room for improvement, results obtained in this research field are promising and it is without any doubt an interesting research domain.
Concluding remarks
The study of the biological processes regulating the cell life cycle is a key factor in current research in biology and bioinformatics. In this context, this article discussed some strands of research in bioinformatics, focusing on the analysis and comparison of biological networks. Biological networks caught the attention of many research groups in the last years, which lead to the development of several automatic tools for network analysis and comparison. The aim of these tools is to better understand the cellular machinery, discovering new knowledge about processes regulating cell life cycle and transferring biological knowledge from one species to another (or, possibly, within the same). Hopefully, results obtained by these techniques will shed light on the complex mechanisms that regulate biological processes of several organisms making the complex machinery regulating their life cycle simpler to understand.
